Abstract The SnS 2 nanoparticles were synthesized at room temperature by simple wet chemical method. Stannic chloride pentahydrate (SnCl 4 Á5H 2 O) and thioacetamide (C 2 H 5 NS) were used as a source of Sn ?4 ions and S -2 ions, respectively. The elemental composition of the as-synthesized SnS 2 nanoparticles was determined by energy dispersive analysis of X-ray. The structure and lattice parameters were determined by X-ray diffraction. The crystallite size was determined from XRD pattern using Scherrer's formula and Hall-Williamson plot. The transmission electron microscopy was employed to characterize the nanoparticles. The selected area electron diffraction pattern established the polycrystalline nature of SnS 2 nanoparticles. Surface topography of nanoparticles was studied employing scanning electron microscopy (SEM). The bandgap determined from the UV-Vis-NIR spectrum of as-synthesized SnS 2 nanoparticles showed blue shift in comparison with the bandgap of bulk SnS 2 . The photoluminescence spectra at five different excitation wavelengths 250, 300, 350, 400 and 450 nm showed two strong emission peaks at wavelengths 550 and 825 nm. The obtained results are discussed in details.
Introduction
In the recent years, zero-dimensional nanostructural metal sulphide semiconductors have attracted much attention due to their physical and chemical properties. The metal sulphide semiconductors of zero-dimension are currently recognized as advanced inorganic materials with nonconventional applications due to the quantum size effect. These nanostructures in particular show remarkable electronic (Yi and Schwarzacher 1999) , magnetic (Ross et al. 2002) , optical (Zhang et al. 2011), etc. properties, which have great potential applications in the next generation of nanodevices (Zach et al. 2000) . Among the semiconductors, tin disulfide (SnS 2 ) is an important CdI 2 -type IV-VI group layered semiconductor with an optical band gap of about 2.2-2.35 eV (Zhang et al. 2010; Yang et al. 2009 ) which is little smaller than that of CdS. Such a tuneable band gap of SnS 2 makes it a potential candidate for efficient solar cell (Loferski 1956) . It is also of interest in holographic recording system and electrical switching (Chun et al. 1994; Patil and Fredgold 1971) . SnS 2 is nonpoisonous, relatively inexpensive and chemically stable in acid or neutral aqueous solution, thus it has the potential to be a good visible light-sensitive photocatalyst (Zhang et al. 2010; Yang et al. 2009; He et al. 2007) . It is also an interesting material that belongs to the class of isomorphic materials that exhibit a strong anisotropy of optical properties (Agrawal et al. 1994) .
Many synthesis methods have been employed to prepare SnS 2 nanoparticles including soft chemical reaction, solidstate reaction, sol-gel process, hydrothermal (Li et al. 2009; Rao et al. 2004 ) microwave heating (Lokhande 1990 ) photo etching (Gaponendo 1998) , and reverse micelles, etc. The wet chemical method is relatively inexpensive, non-toxic, less time consuming and very simple because it contains few chemicals and does not required any sophisticated expensive instruments. In this paper, the authors report the synthesis of SnS 2 nanoparticles by a wet chemical method at room temperature (R.T.) using stannic chloride pentahydrate (SnCl 4 Á5H 2 O) and thioacetamide (C 2 H 5 NS) as a precursor. The study of the stoichiometric composition, structural, surface morphology, optical and luminescence properties of the as-synthesised nanoparticles was carried out.
Experimental

Synthesis of SnS 2 nanoparticles
All chemicals for the synthesis of SnS 2 nanoparticles such as stannic chloride pentahydrate (SnCl 4 Á5H 2 O), thioacetamide (C 2 H 5 NS), and concentrated hydrochloric acid (HCl 35 % pure A.R.) were of analytical grade and used as received without further purification. In the typical synthesis, 0.806 g (2.3 mmol) of SnCl 4 Á5H 2 O was dissolved in 2 ml of concentrated HCl acid (35 %, w/w) in a 100 ml beaker. Then, 30 ml distilled water was added and stirring was done for 5 min. It acts as a source of Sn ?4 ions. After 5 min stirring, 0.25 g (3.3 mmol) of thioacetamide was added to the solution under constant stirring. Thioacetamide was the source of S -2 ions. The stirring was continued for 3 h. During this period, solution turned into yellow color and lastly 18 ml distilled water was added to make the final solution of 50 ml. The final solution was kept isolated for 25-30 min to allow particles to settle down at the bottom of the beaker. The yellow precipitates settled at the bottom of the beaker were filtered and washed with distilled water followed with methanol for several times to obtain SnS 2 nanoparticles. After multiple washes, they were dried in oven at 40°C for 6 h. Figure 1 show the photograph of the synthesized SnS 2 nanoparticles yield obtained after wash.
Characterization of SnS 2 nanoparticles
The stoichiometric compositions of the as-synthesized SnS 2 nanoparticles were studied with the help of energy dispersive analysis of X-ray (EDAX) employing Philips ESEM having 10-20 keV energy range of the beam. The structural characterization of the particles was done by X-ray diffraction (XRD) using Philips X-ray Diffractometer Xpert MPD employing CuK a radiation. The as-synthesized SnS 2 nanoparticles were further investigated by transmission electron microscopy (TEM) employing JEOL, JEM 2100. The surface topography study was done by LEO 1430 VP scanning electron microscopy (SEM). An optical absorption study was carried out using a UV-Vis-NRI spectrophotometer (Shimadzu UV-240). The Photoluminescence spectra of SnS 2 nanoparticles were studied using Horiba Yvon FluroMax-4 Spectrofluorometer.
Results and discussion
Synthesis reaction
In the synthesis of SnS 2 nanoparticles by wet chemical technique, stannic chloride pentahydrate (SnCl 4 Á5H 2 O) dissociate to form tin ions and thioacetamide (C 2 H 5 NS) is the source of sulfur ions. The concentration of tin and sulphide ions is maintained low to avoid immediate precipitation. The SnS 2 nanoparticles are formed by the precipitation reaction between Sn 4? and H 2 S produced by the hydrolysis of thioacetamide. Here, thioacetamide reacts with water at the reaction condition to slowly produce H 2 S. The H 2 S (bubble) reacts with Sn 4? to homogeneously form SnS 2 nanoparticles. The formation of SnS 2 nanoparticles may be described by Eqs. (1) and (2) as follows:
Stoichiometric composition studies
The stoichiometric compositions and purity of the synthesized SnS 2 nanoparticles were determined by energy dispersive analysis of X-rays (EDAX) techniques. Figure 2 shows the EDAX spectrum of room temperature synthesized SnS 2 nanoparticles. The obtained weight percentage from EDAX spectrum and the standard weight percentage of tin (Sn) and sulphur (S) elements are tabulated in Table 1 for SnS 2 nanoparticles. The weight percentage data shows that the synthesized SnS 2 nanoparticles are slightly rich in tin content. The EDAX spectrum also showed that the synthesized SnS 2 nanoparticles are free of any other impurities and contaminants. The atomic percentage data of tin and sulphur are also tabulated in Table 1 .
Structural studies
The structure, lattice parameters and phase purity of the synthesized SnS 2 nanoparticles were determined by X-ray diffraction (XRD). Figure 3 shows the XRD pattern, all the peaks in the XRD pattern can be readily indexed to the pure hexagonal phase of SnS 2 with lattice constants a = 3.648 Å and c = 5.899 Å , which are in good agreement with the standard JCPDS (File No. 23-0677) data. Average crystallite size was estimated by Scherrer's formula (Panda et al. 2007) ,
where k is the shape factor which typically has value of unity for the spherical shape particle; b is the broadening of diffraction line measured at half maximum intensity (radians), k is the wavelength of CuK a radiation and h is the Bragg's angle. The crystallite sizes of SnS 2 nanoparticles were estimated to be around 3.60 nm from the Scherrer's formula. The crystallite size and the micro strain in the assynthesized SnS 2 nanoparticles were estimated by HallWilliamson relation (Williamson and Hall 1953) .
The Hall-Williamson equation includes the Scherrer's term of crystallite size (L) and the micro strain term (e). Here b is full width at half maximum (FWHMs) of the diffraction peaks. The plot of (bcosh)/k versus 4(sinh)/k for the as-synthesized nanoparticles is shown in the Fig. 4 . The reciprocal of an intercept on (bcosh)/k axis gives the average crystallite size L. The value of average crystallite size L thus obtained from the plot is *3.23 nm, which is in good agreement with the crystallite size determined by Scherrer's equation. The slope of the plot gives the amount of residual strain of (-0.0047). The negative value of residual strain for the SnS 2 nanoparticles indicates it to be compressive strain.
TEM and SAED studies
The morphology and structure of the as-synthesized SnS 2 nanoparticles were studied by transmission electron microscopy (TEM). Figure 5a , b shows a typical high-resolution transmission electron microscopy (HRTEM) image of SnS 2 nanoparticles. The image, Fig. 5a , shows nanoparticles to be spherical in shape, with each nanoparticle displaying lattice fringes, suggesting their crystalline nature. The average particle diameter determined from the TEM image comes out around 3.87 nm. This is in good agreement with the size determined from the XRD. The fringe has lattice spacing of about 0.312 nm, Fig. 5b , which corresponds to {100} crystal planes of hexagonal structured SnS 2 (JCPDS No. 23-0677) (Zhu et al. 2006 ). The corresponding selected area electron diffraction (SAED) pattern in Fig. 6 shows (002), (003) and (111) planes to be prominent, which is consistent with the XRD results presented above.
Surface topography study
The SEM study of the as-synthesized SnS 2 nanoparticles reveals the surface topography. The typical SEM image of the SnS 2 nanoparticles is shown in Fig. 7 . The nanoparticles are spherical in shape, corroborating the observations of TEM. They are densely packed possessing compact texture with no pin holes or cracks. Appl Nanosci (2013) 3:189-195 191 Optical study
The absorption spectrum of SnS 2 nanoparticles was recorded by UV-Vis-NIR spectrophotometer. The SnS 2 nanoparticles were ultrasonically dispersed in acetone. Figure 8 shows the absorption spectrum of SnS 2 nanoparticles synthesized at room temperature and it can be seen that the absorption edge lies at 480 nm corresponding to energy value of 2.61 eV. The absorption edge observed at 480 nm clearly indicates a blue shift in comparison to the bulk SnS 2 having absorption edge nearly at 507 nm (Takagahara 1993; Hanumura 1988) . The optical energy bandgap of SnS 2 nanoparticles was determined from the absorption spectrum using the nearband edge absorption relation (Yue et al. 2009 ).
where A is the optical transition dependent constant, E g is the optical energy bandgap, m is the frequency of incident beam, h is the Planck's constant and n characterizes the transition. The absorption coefficient (a) was determined by the equation (Ingle and Crouch 1988) ,
where A is the absorbance of light through sample, q is the density of SnS 2 , M is the molecular weight of SnS 2 , c is the sample concentration dispersed in acetone and l is the path length of light. The analysis of equation showed that, n = 2 fitted for the as-synthesized SnS 2 nanoparticles confirming direct allowed transition. The plot of (ahm) 2 versus hm for SnS 2 nanoparticles is shown in Fig. 9 . The intercept of the straight line on the photon energy axis gives the optical bandgap value E g of 3.82 eV, which is higher than that of bulk SnS 2 optical bandgap, clearly showing the blue shift arising due to size effect.
Photoluminescence study
The photoluminescence spectra of the as-synthesized SnS 2 nanoparticles were recorded for five excitation viz 250, 300, 350, 400, and 450 nm wavelengths. The spectra obtained for SnS 2 nanoparticles are shown in the Fig. 10 .
The spectra exhibit two strong emission peaks at around 550 and 825 nm. The emission at 550 nm (2.25 eV) corresponds to radiative recombination of quantum confined electron-hole pair whose energy is smaller than the energy bandgap of nanoparticles. The radiative recombination of Appl Nanosci (2013) 3:189-195 193 excitons is by absorption of electrons lying at higher excited energy levels (Gaponendo 1998) . The possible explanation for the origin of the latter peak at 825 nm wavelength might be from the inner deep level emission (Gajendiran and Rajendran 2011) . This deep level arises due to the stoichiometric variation in SnS 2 nanoparticles. It was also observed from the PL spectra of the SnS 2 nanoparticles that for five excitation wavelengths, the emissions intensity remains same, meaning the emission intensity is independent of excitation wavelengths.
Conclusions
The SnS 2 nanoparticles have been successfully synthesized by simple wet chemical technique at room temperature. The synthesis was carried out at ambient condition using AR grade non-toxic chemicals without requirement of any sophisticated instruments. The EDAX analysis confirms that the synthesized SnS 2 nanoparticles were perfectly stoichiometric and do not contain any other impurity in them. The X-ray diffraction showed that the synthesized SnS 2 nanoparticles had hexagonal structure. The determined lattice parameters were in good agreement with the reported data. The crystallite size determined from XRD, using Scherrer's equation (3.60 nm) and Hall-Williamson's plot (3.23 nm) were in good agreement with each other. The residual strain determined from Hall-Williamson's plot was (-0.0047), the negative value indicates it to be the compressive strain. The HRTEM image shows nanoparticles to be spherical in shape, with each nanoparticles displaying lattice fringes, suggesting their crystalline nature. The average particle diameter determined from the TEM image is around 3.87 nm, in good agreement with the size determined from the XRD. The HRTEM clearly shows fringes having lattice spacing of about 0.312 nm, which corresponds to {100} planes of hexagonal structured SnS 2 . The SEM image show nanoparticles are spherical in shape corroborating TEM observation. They are densely packed possessing compact texture with no pin holes or cracks. The optical bandgap energy 3.82 eV was calculated from the optical absorbance spectrum of the as-synthesized SnS 2 nanoparticles, which is higher than that of bulk SnS 2 optical bandgap, which clearly shows the blue shift arising due to size effect. The photoluminescence spectra of the SnS 2 nanoparticles for five excitation viz 250, 300, 350, 400, and 450 nm wavelengths exhibit two strong emission peaks at around 550 and 825 nm. The PL spectra also showed that for five excitation wavelengths, the emissions intensity remains same which means the emission intensity is independent of excitation wavelengths.
